All relevant data are within the manuscript and its Supporting Information files.

Introduction {#sec001}
============

It is a widely held and cited belief that one third of all food available for human consumption is lost or wasted \[[@pone.0228369.ref001]\]. There is a clear distinction between food loss and food waste \[[@pone.0228369.ref001]\]; with part of the latter attributable to consumers. One problem with the estimates of food waste is that they consider only part of the picture. If we look at food waste (FW) as an outcome of the food system, then there are supply side determinants but there is also a demand side story \[[@pone.0228369.ref002]\]. We cannot waste more than the food available to eat, therefore consumer food waste is constrained by an upper limit as dictated by food availability (FA) as determined by supply side factors. Apart from being questionable for reasons identified in \[[@pone.0228369.ref003]--[@pone.0228369.ref006]\], by assuming that a fixed factor of available food is wasted \[[@pone.0228369.ref007]\], the supply side is the only part of story captured by the Food and Agriculture Organization (FAO) estimates. In the FAO methodology, consumers play no part in determining estimates of consumer food waste. To account for the demand side, one needs to look at uses of food available for human consumption (waste being one), and factors that determine how much food is wasted by consumers. The demand side requires data on consumers' socio-economic attributes such as income, education, residence, food-culture etc. There are individual attempts to capture the impact of these consumer specific attributes \[[@pone.0228369.ref008],[@pone.0228369.ref009]\] using regression methods, but no studies have attempted this at a global level. While we found work using global age and sex distribution to impute global FW \[[@pone.0228369.ref010]\], a measure of responsiveness of FW to these demographic factors as provided by regression methods, was found missing. With the aim to fill such gaps in research, this work is a first attempt at linking the amount of food wasted to one such consumer attribute. The choice of attributes can be wide but as a first step we start with the most basic of all---consumer affluence. Consumer affluence is an often cited but never quantified determinant of food waste; with claims that the richer populace waste more than their poorer counterparts \[[@pone.0228369.ref001],[@pone.0228369.ref011]\].

In the process of capturing the demand side of the food waste story we gain several other helpful insights. We find that:

1.  FAO figures grossly underestimate the extent of food wasted by consumers;

2.  The relationship between consumer affluence (as measured by consumer expenditure) and food waste can be approximated by a linear-log functional form which helps us identify a threshold level of consumer affluence beyond which food waste rises rapidly;

3.  This identified relationship can be used to generate a globally consistent dataset requiring limited and readily available macro-economic information. The dataset can be used to construct globally comparable indicators and metrics for Sustainable Development Goals (SDG12);

4.  The analysis introduces a new concept---the affluence elasticity of food waste and shows that it increases rapidly at first but then tapers off as affluence increases;

5.  The new elasticity concept and associated findings have implications for the theory of income elasticity of consumption, and insights for policy practitioners.

Materials and methods {#sec002}
=====================

As FAO food waste estimates cover only part of the story, it renders the estimates unusable for identifying the relationship between consumer FW and consumer affluence. We therefore impute FW data in the following manner (Part 1) and then use the data thus obtained to establish a relationship between FW and consumer affluence (Part 2). The two subsections are followed by description of data required to implement the method.

Part1: Calculating sample FW data {#sec003}
---------------------------------

Conceptually, we start by looking at FW as a result of their decisions after food is made available to consumers. Once the food is made available to consumers, it can either be consumed or not eaten. For the purpose of this study we classify any food fit for human consumption, but not eaten, as waste. In other words, second best uses are inefficient uses of resources and therefore considered waste. [Fig 1](#pone.0228369.g001){ref-type="fig"} provides a simplistic representation of the approach.

![Relationship between food availability and food use (consumption/eat and waste).](pone.0228369.g001){#pone.0228369.g001}

The actual method used to calculate FW is adapted from \[[@pone.0228369.ref003]\] and follows the energy gap approach \[[@pone.0228369.ref012]\]. Following the human metabolism model, energy from food consumed is spent on maintaining the current body weight (BW) and Physical Activity Levels (PAL) associated with one's lifestyle. Any excess energy intake manifests itself in increased BW overtime ([Fig 1](#pone.0228369.g001){ref-type="fig"}). Given that we focus on a given point in time, rather than over time, we calculate the energy requirements (ER) of populace needed for maintaining their current BW and PAL. The difference between the ER thus calculated and the FAO data on FA for human consumption is then used as an estimate of FW, at a given point in time, using Eq ([1](#pone.0228369.e001){ref-type="disp-formula"}).

![](pone.0228369.e001.jpg){#pone.0228369.e001g}
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The boxed term in Eq ([1](#pone.0228369.e001){ref-type="disp-formula"}) is the expression for ER obtained through food consumption. Subscript 'c' denotes a sample country, 'α~a,g~' and 'c~a,g~' are age and gender specific coefficients for calculating ER of a give sample population. 'ps~a,g,c~' are population shares by age and gender in a given country. FA, ER and therefore FW are measured in kilocalories per capita per day (Kcal/cap/day). Eq ([1](#pone.0228369.e001){ref-type="disp-formula"}) is used to obtain FW estimates for an average consumer in all countries in our sample. Further details on derivation and application of the Eq ([1](#pone.0228369.e001){ref-type="disp-formula"}) are provided as supporting information (SI) in [S2 File](#pone.0228369.s002){ref-type="supplementary-material"}.

Part2: Quantifying the relationship between FW and consumer affluence {#sec004}
---------------------------------------------------------------------

As the calculated FW data pertains to a limited sample, it cannot be used to infer global FW. However we postulate that using this sample data allows a relationship to be identified between consumer affluence and their FW. Essentially, we argue that if:

1.  Food availability (FA) is a function f(.) of consumer affluence (Y);

2.  Food Consumption (FC) is a function g(.) of consumer affluence (Y);

3.  FA = FC + FW.

Then using the three assertions above, one can argue that Eq ([2](#pone.0228369.e002){ref-type="disp-formula"}) follows and FW in a country is a function h(.) of the level of its consumers' affluence.
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This relationship between FW and consumer affluence can be used to obtain an estimate of global FW, and estimates for out of sample countries and years. An implicit assumption underlying the out of sample and future predictions of FW is that the evolution of population BW and FA follows same trends in poor nations as in rich ones. Given the genetic differences \[[@pone.0228369.ref013]\], land pressure, climate change induced drop and variability in agricultural yields etc., this assumption is not perfect, but necessary in absence of any further country specific information on such trends. Furthermore, the analysis focuses on averages while evolution of FW also depends on distribution of affluence within countries' populations. The higher the degree of inequality, the more the estimates are likely to diverge from ground reality.

### Implications for theory of consumption elasticity {#sec005}

In addition to providing consumer FW estimates that evolve with affluence, this approach enables the introduction of a new concept--affluence elasticity of waste--as a measure of responsiveness of consumer food waste to consumer affluence. Our objectives in introducing the concept are to draw attention to the importance of thus far ignored affluence elasticity, highlight its implications, and argue for its importance in the food waste and consumption literature.

The approach essentially distinguishes between calories purchased (through FA), calories consumed (through ER), and calories wasted (FW) by consumers. Taking an example of a single consumption commodity i, let the associated calories purchased, consumed, and wasted be CP~i~, CC~i~ and CW~i~ respectively, such that: $${CP}_{i}{= CC}_{i} + {CW}_{i}$$ Its equivalent in physical commodity units can be written as $$a_{i}.{QP}_{i} = a_{i}.{QC}_{i} + a_{i}.{QW}_{i}$$ where a~i~ is the calorie content per physical unit of commodity i and QP~i~, QC~i~, QW~i~ are the purchased, consumed and wasted quantities respectively. Differentiating with respect to expenditure (E)--a measure of affluence---yields: $$\frac{\partial{QP}_{i}}{\partial E}\frac{E}{{QP}_{i}} = \left\lbrack \frac{\partial{QC}_{i}}{\partial E}\frac{E}{{QC}_{i}} \right\rbrack\left( \frac{{QC}_{i}}{{QP}_{i}} \right) + \left\lbrack \frac{\partial{QW}_{i}}{\partial E}\frac{E}{{QW}_{i}} \right\rbrack\left( \frac{{QW}_{i}}{{QP}_{i}} \right)$$

Denoting elasticities by letter η, the above can be rewritten as an expression showing total expenditure or purchase elasticity (η~p~) as a sum of consumption(η~c~) and waste(η~w~) elasticities where θ is the share of the purchased commodity that is actually consumed (commodity subscript i is dropped for simplicity of illustration): $$\eta_{p} = \theta\eta_{c} + \left( {1 - \theta} \right)\eta_{w}$$

Standard consumption theory (not accounting for waste) mistakenly treats the purchase elasticity(η~p~) as elasticity of consumption(η~C~). While there does not seem to be major consequences of this mistaken identity for very poor nations, for the rapidly developing countries it leads to an upward bias in the consumption response. Models mistakenly using purchase elasticity as consumption elasticity over-predict the consumption response as they do not account that some of the food purchased is actually wasted and not eaten. Computable general equilibrium models know this problem well and devise ways to navigate it \[[@pone.0228369.ref014]\]. A decomposition similar to Eq ([3](#pone.0228369.e006){ref-type="disp-formula"}), for elasticity of calories can be undertaken to decompose it into elasticity of calorie consumption and affluence elasticity of calorie waste.

Data requirements {#sec006}
-----------------

Details on the data used to implement this strategy for obtaining sample and global estimates of FW are described below.

### Food availability {#sec007}

**FA** data for sample countries is retrieved from the FAO FBS (Food Balance Sheets) \[[@pone.0228369.ref015]\]. Food availability data (in Kcal/day/cap) is averaged for each country over the period 2001 to 2005 to rule out fluctuations in food production resulting from bad weather in any single year. We understand that FBS data is not free of problems, and particularly so for lower income countries where subsistence farming is still prevalent \[[@pone.0228369.ref003]--[@pone.0228369.ref006]\]. Correcting for both supply and demand side problems in measuring FW is however, beyond the scope here. At present, only a single step towards including the demand side is undertaken in this work.

### Energy requirement {#sec008}

Calculating the energy requirements needs data on several different components of Eq ([1](#pone.0228369.e001){ref-type="disp-formula"}).There are three different **PAL values** used for countries, these three are associated with different lifestyle categories \[[@pone.0228369.ref016]\]: sedentary or light activity lifestyle (1.4--1.69), active or moderately active lifestyle (1.7--1.99) and vigorous or vigorously active lifestyle (2--2.4). These PAL values indicate the level of physical activity most often exerted by the population; values of 2.4 or higher are impossible to sustain over longer period of time and are associated with the lifestyle of professional athletes \[[@pone.0228369.ref016]\]. Developing and developed countries are believed to have very different lifestyles as it is generally believed that the population of developing countries has a higher activity level and therefore higher energy expenditures \[[@pone.0228369.ref017]\]. To avoid a subjective PAL assignment for countries, we use a PAL categorization based on the Human Development Index (HDI) which shows PAL and HDI to be negatively correlated \[[@pone.0228369.ref018],[@pone.0228369.ref019]\]. The information is used to assign one of the three different PAL levels to countries based on their HDI scores: 1.4, 1.7 and 2 PAL values are assigned to sample countries with high, medium and low HDI scores respectively. While this assignment is not perfect, it is an improvement upon the assignment of the same PAL value to all countries as implemented by \[[@pone.0228369.ref010]\].

The last terms in the square brackets \[.\] in Eq ([1](#pone.0228369.e001){ref-type="disp-formula"}) is the Basal Metabolic Rate (BMR) in Kcal/cap/day which denotes the energy required to sustain observed BW. The BMR term accounts for age and gender specific differences in energy requirements by using the country generic, but **age and gender specific coefficients** (α~a,g~ and c~a,g~) as reported in \[[@pone.0228369.ref016]\]. Coefficients are aggregated using country specific age and gender **population shares**(ps~a,g~) from the World Bank Indicators dataset \[[@pone.0228369.ref020]\]. As the age categories as reported by World Bank and FAO data do not completely match, an approximate match is used. Specifically, population information from World Bank age categories 15--19 years, 20--29 years, 30--59 years and over 60 years are combined with BMR coefficient information from FAO age categories 10--18 years, 18--30 years, 30--60 years and over 60 years respectively, for both males and females. The population shares in Eq ([1](#pone.0228369.e001){ref-type="disp-formula"}) are calculated based on the population aged 15 and older. Children are left out from the analysis as the BW estimates by the World Health Survey (WHS) \[[@pone.0228369.ref021]\] are also based on an adult population sample (aged 18+). Taking children into account should result in lower average energy needs of a sample population \[[@pone.0228369.ref010]\], particularly for countries with a relatively young demographic composition, which are also often identified to be low-income countries \[[@pone.0228369.ref022]\]. According to the human metabolism model, this might mean a lower ER and a higher FW.

Data on **BW** are available from the WHS \[[@pone.0228369.ref021]\], conducted in 2002--2004 in 70 countries to provide information on health systems and the health of populations. The WHS is a household survey covering more than 300.000 individuals. It provides data on the mean body weight in kilograms in 2003 for 67 countries. The three countries that are in the WHS but do not include information on the mean BW of the population are Australia, Ireland and Myanmar. In addition to the above mentioned three, two countries are omitted from the sample: The Dominican Republic and Comoros. The mean BW value reported for the Dominican Republic is much higher (125 kg) than the values reported for all other countries and very likely a data entry error in WHS. Comoros is left out due to missing FA data from FAO FBS.

### Consumer affluence {#sec009}

While we don't need data on consumer affluence to calculate sample FW data, it is needed to identify the relationship between FW and consumer affluence. For **consumer affluence**, we use Annual per capita Actual Individual Consumption (AIC) data from the International Comparison Program (ICP) \[[@pone.0228369.ref023]\]. ICP ensures that this measure is comparable across countries.

Note that given the availability of BW data for only year 2002--2004, we are restricted to using the other data from roughly the same time-period (AIC data from ICP 2005 and FA data from 2001--2005) to quantify the relationship between affluence and food waste. Data for two of our sample countries (Guatemala and United Arab Emirates) is not available in the ICP 2005 database, which reduces our sample size used in Part2 of the methodology, to 63 countries. The complete dataset and details are available as [S1 File](#pone.0228369.s001){ref-type="supplementary-material"}.

Results {#sec010}
=======

Sample results {#sec011}
--------------

A summary of the input data (BW and FA) and the resulting calculated FW data ([Eq 1](#pone.0228369.e001){ref-type="disp-formula"}) for the sample countries is provided in [Table 1](#pone.0228369.t001){ref-type="table"}. The values reported in [Table 1](#pone.0228369.t001){ref-type="table"} are population weighted averages of the sample countries.

10.1371/journal.pone.0228369.t001

###### Descriptive statistics and results for sample.

![](pone.0228369.t001){#pone.0228369.t001g}

  Variable             Bodyweight (Kg, 2003)   Food availability (Kcal/day/cap, 2001--05 average)   Food waste (Kcal/cap/day, 2003)
  -------------------- ----------------------- ---------------------------------------------------- ---------------------------------
  Average              59.6                    2704                                                 351
  Minimum              50.6                    1,868                                                32
  Maximum              76                      3,757                                                1607
  Standard Deviation   7.12                    525                                                  475

Source: Calculations using sample data

For this sample, population weighted average energy requirement (given BW and PAL values) is 2427 Kcal/day/cap. In combination with FA data, this implies that on average consumers in the sample countries in 2003, wasted approximately 351 Kcal/day/cap (13% of calories available to consumers). Some countries in the sample show negative FW values; these are food deficit poor countries that barely meet their nutritional needs. The 351 Kcal/day/cap average excludes these negative FW values in the sample (the results for all sample countries are available in [S2 File](#pone.0228369.s002){ref-type="supplementary-material"}). The negative FW values for developing countries in this study are likely due to two reasons: a downward bias in FAO food availability data in these countries due to unaccounted subsistence production \[[@pone.0228369.ref006]\], which results in an intake that is higher than the reported availability and a resulting in a negative FW value; and not accounting for children in sample population could also contribute overestimating ER and therefore creating a downward bias on FW. Ours however is not the only study to find negative food waste values, \[[@pone.0228369.ref010]\] also find negative values based on the human metabolic model despite accounting for the under 18 population. They interpret the negative FW values as food deficit.

The maximum FW value of 1607 Kcal/day/cap in our sample is for Belgium, and the smallest positive number for FW in 2003 in our sample is found for Philippines (32 Kcal/day/cap).

Relationship between FW and consumer affluence {#sec012}
----------------------------------------------

### A linear-log relationship {#sec013}

Using the FW data thus obtained, and ICP data on AIC for the sample countries, a simple data visualization ([Fig 2](#pone.0228369.g002){ref-type="fig"}) suggests a linear-log relationship between consumer FW and expenditure.

![a) Left panel: Per capita sample Food Waste (FW) and annual per capita Actual Individual Consumption (AIC) b) Right panel: Kernel density plot of sample residuals from regression of per capita FW on natural log of AIC/capita.](pone.0228369.g002){#pone.0228369.g002}

Regression coefficients of this suggested relationship are provided in [Table 2](#pone.0228369.t002){ref-type="table"} (columns 3 and 4). Using alternative variables as a measure of affluence--ln(GDP/cap) and ln(AIC/cap) from ICP--gives similar results but AIC shows a slightly better fit ([Table 2](#pone.0228369.t002){ref-type="table"}, column 5). This shows that our coefficient estimates are robust to the choice of measure of consumer affluence. A kernel density plot of residuals with AIC/cap as measure of affluence shows them to be fairly normally distributed ([Fig 2](#pone.0228369.g002){ref-type="fig"}). Affluence is used as sole explanatory variable, as demand for calories/cap do not seem to be very responsive to food prices \[[@pone.0228369.ref024],[@pone.0228369.ref025]\].

10.1371/journal.pone.0228369.t002

###### Coefficients of per capita food waste regression on affluence.

![](pone.0228369.t002){#pone.0228369.t002g}

  \(1\)                                  \(2\)                                       \(3\)                 \(4\)             \(5\)
  -------------------------------------- ------------------------------------------- --------------------- ----------------- -------
  **Alternative independent variable**                                                                                       
  **ln(AIC/cap)**                        **Coefficient (95% confidence interval)**   -4500 (-5054,-3946)   576.7 (512,642)   0.83
  **t-statistic**                        -16.23                                      17.74                                   
  **ln(GDP/cap)**                        **Coefficient (95% confidence interval)**   -4537 (-5131,-3944)   557 (490,624)     0.81
  **t-statistic**                        -15.28                                      16.68                                   

Source: Own estimation using sample data

The negative estimates for the constant in the relationship show that FW is not a problem at low levels of affluence, in fact, using the AIC/cap estimates from [Table 2](#pone.0228369.t002){ref-type="table"}, one can identify the income threshold (2450 International 2005 USD) beyond which consumer FW in a country turns positive and starts to increase rapidly. The positive slope estimates tell us that for a 1 percent increase in affluence, FW increases by about 5--6 (576.7/100) calories. Note that while changes in body weight over time don't explicitly feature in the regression equation and in obtaining the sample dataset, the sample variation in bodyweight across countries ([Table 1](#pone.0228369.t001){ref-type="table"}) allows for this possibility.

### Estimates of FW and comparison with existing comparable literature {#sec014}

As our sample represents only 67% of the world population, and some countries believed to waste a lot of food (including United States, Australia and Canada) are not present in our sample, we cannot use the population weighted average of sample FW data of 351 Kcal/cap/day ([Table 1](#pone.0228369.t001){ref-type="table"}) as an estimate of FW for the world in 2003. We instead use the regression results ([Table 2](#pone.0228369.t002){ref-type="table"}) and world AIC value (6095 international 2005 USD) from ICP 2005 to obtain an estimate of consumer FW for the world in 2005. This yields an estimate of 526 Kcal/day/capita for FW in 2005. At a global level FW rises to 727 Kcal/day/capita by 2011, accounting for 25% of calories available for human consumption. Note that these estimates of FW are derived using the central estimates of the regression coefficients in [Table 2](#pone.0228369.t002){ref-type="table"}, and a range around these could be constructed using the coefficient ranges in the said table.

Using the same estimates ([Table 2](#pone.0228369.t002){ref-type="table"}) and country specific AIC data for 2011 \[[@pone.0228369.ref026]\] we obtain FW estimates for all countries of world in 2011. The results are presented in [Fig 3](#pone.0228369.g003){ref-type="fig"} below; in which the pattern across countries confirms the general belief that consumers in richer countries waste more food. The dataset underlying the figure is provided in SI ([S3 File](#pone.0228369.s003){ref-type="supplementary-material"}). This can be used as a consistent global consumer food waste dataset for developing metrics and indicators for inter-country/region comparison.

![Predicted food waste (Kcal/day/cap in 2011) for countries in International Comparison Program 2011 database.](pone.0228369.g003){#pone.0228369.g003}

We also compare the current FW estimates with estimates of FW in the literature, with a particular focus on studies reporting Kcal estimates. While not exhaustive, [Table 3](#pone.0228369.t003){ref-type="table"} covers the relatively recent comparable work in the field. Kcal estimates \[[@pone.0228369.ref003],[@pone.0228369.ref010],[@pone.0228369.ref027],[@pone.0228369.ref028]\] yield more readily to such a comparison. We do not directly draw a comparison with FAO physical waste estimates \[[@pone.0228369.ref001]\], as \[[@pone.0228369.ref027]\] translate those to provide Kcal estimates and can therefore, in essence, be seen as Kcal equivalents of the physical waste estimates. Due to different time and geographic coverage, we use our regression coefficients ([Table 2](#pone.0228369.t002){ref-type="table"}) to obtain our FW estimates for years beyond 2003.

10.1371/journal.pone.0228369.t003

###### Comparison with kilocalories (Kcal) food waste estimates in comparable existing literature.

![](pone.0228369.t003){#pone.0228369.t003g}

  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Existing comparable literature                 Region/country of focus   Consumer FW estimate from literature: Kcal/day/cap (year)   Comparable affluence based estimates of FW from current work Kcal/day/cap (year)
  ---------------------------------------------- ------------------------- ----------------------------------------------------------- ----------------------------------------------------------------------------------
  Kummu et al. 2012\[[@pone.0228369.ref027]\]    World                     214 (2005--2007)                                            526 (2005)

                                                 World                     510 (2010)                                                  526 (2005)\
                                                                                                                                       727 (2011)

  Hic et al. 2016 \[[@pone.0228369.ref010]\]     USA                       1050 (2010)                                                 1572 (2011)

  China                                          620 (2010)                329 (2011)                                                  

  India                                          210 (2010)                121 (2011)                                                  

  Hall et al. 2009 \[[@pone.0228369.ref003]\]    USA                       1400 (2003)                                                 1482 (2005)

  Buzby et al. 2014 \[[@pone.0228369.ref028]\]   USA                       1249 (2010)                                                 1572 (2011)
  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Source: Compilation using estimates from the recent studies and current work

**Comparison with Kummu et al.** \[[@pone.0228369.ref027]\]: If FAO's food availability estimates (2735 Kcal/day/cap) are correct, then globally consumers alone were wasting about 19% of calories available for human consumption in 2005. The corresponding number obtained by Kummu et al. using FAO food waste data, is in comparison only 8% (derived on the basis of numbers reported in [Table 2](#pone.0228369.t002){ref-type="table"} and Fig 2 in \[[@pone.0228369.ref027]\]).

Global FW estimates in terms of Kcal were first reported by Kummu et al. using data from FBS, and waste percentage assumptions \[[@pone.0228369.ref001]\]. Their analysis covers FW for cereals, fruits & vegetables, oilseeds & pulses, and roots & tubers, but not for all food (e.g. animal products are excluded). As per their study, over the period 2005--2007, of the total 614 Kcal/day/cap wasted in food supply chain, 214 Kcal/day/cap were wasted by consumers. The current study and \[[@pone.0228369.ref010]\] capture the total extent of FW in a manner which avoids errors in measurement and gathering of consumption data, and in conversion of physical weights to calories. Kummu et al.'s estimates are furthermore based on the waste percentages estimates \[[@pone.0228369.ref001]\] and are therefore subject to the same critique as the assumptions underlying these percentages. Also, Kummu et al. use food availability data which is already adjusted for country production losses, yet they account for production losses in estimating FW \[[@pone.0228369.ref010]\]. This, in addition to only partial coverage of food groups, results in a downward biased estimate of consumer FW.

**Comparison with Hic et al.** \[[@pone.0228369.ref010]\]: As with the current study, Hic et al. follow \[[@pone.0228369.ref003]\] to estimate food energy intake required to maintain the observed body weight. The current work however differs from theirs in certain aspects.

Hic et al. 2016 use FBS data on food availability to calculate a measure of FW but their energy requirement is imputed using body weight from different National Health Surveys (NHS) for 71 countries (filling the data gaps with weighted averages). They use three different PAL values to provide three alternative estimates of FW. While they provide estimates of the evolution of FW over 1965--2050, at global and country levels, they assume that BW over this period remain unchanged at the levels reported in NHS. Furthermore, unlike the current study, the BW data used from NHS for different countries comes for different time periods. For example, they use BW from 2011--2012 for Australia and from 1986--1992 for Canada, New Zealand, Sweden, Switzerland, Lithuania, Italy, Iceland, Israel and Serbia. Using a moderate PAL gives an average value of 510 Kcal/day/cap in 2011 for food surplus regions of the world and -120 Kcal/day/cap for parts of the world characterized by food deficit. 510 Kcal/day/cap is not very different from our 526 Kcal/day/cap (albeit for the year 2005), the current work, however, did not have to fill the gaps in data to get a global estimate. While Hic et al.'s global FW estimate of 510 Kcal/day/cap could be more precise than ours on account of including specific nutritional requirements of children, pregnant and lactating women, the claim cannot be made with certainty. This is because while taking pregnant and lactating women into account will increase energy requirements thus lowering FW levels, accounting for children (with lower calorie consumption than adults) will raise FW. The overall effect on relatively young countries is therefore ambiguous. At the same time it can be argued that the Hic et al. estimate is less precise than ours for several reasons: a) their assumption regarding equal PAL values for all countries (given the very different life-styles prevalent across the world); b) inconsistent weight data across countries coming from different points in time; and c) assuming a constant unchanging BW overtime in making future projections. Assuming equal PAL for all countries likely overestimates food energy requirements for the developed world thereby underestimating their FW, the opposite holds for developing/underdeveloped nations. A comparison of our FW estimates with those of Hic et al. ([Table 3](#pone.0228369.t003){ref-type="table"}) lends support to this intuition. For China and India, Hic et al. provide a waste estimate of 620 and 210Kcal/day/cap respectively in 2010, while our estimates for 2011 are 329 and 121 Kcal/day/cap respectively. Our approach also implicitly allows the BW in currently poor nations to follow the same trends as those already observed in affluent nations, as they grow richer. Our global estimate for the year 2011 using AIC data from ICP 2011, is 727 Kcal/day/cap. Note that the 727 Kcal/day/cap estimate should be taken as a rough indication, as it (AIC data) should appropriately be adjusted for 2003--2011 USD inflation.

**Hall et al.** \[[@pone.0228369.ref003]\] **and Buzby et al.** \[[@pone.0228369.ref028]\]: Two further studies report FW estimates in Kcal terms. Hall et al. study the evolution of food waste in US between 1974--2003 using United States Department of Agriculture (USDA) data on FA, and National Health and Nutrition Examination Survey data on average BW. They show that allocating a fixed fraction of food availability to estimate consumer FW, underestimates FW. As per Hall et al., Americans in 2003 wasted 1400 Kcal/cap/day. In comparison, Buzby et al. estimate the per capita FW in 2010 in US to be 1249 Kcal/day using the same food availability data but assuming a fixed fraction of different commodities being wasted. As suggested by Dou et al. \[[@pone.0228369.ref029]\], the Buzby et al. estimate of FW is conservative and likely underestimated. Our regression estimates predict 1482 Kcal/day/cap wasted in 2003 in the US, which increased to 1572 Kcal/day/cap by 2011. This indicates, if not establishes, the ability of our approach to get FW estimates similar to ones provided by studies using detailed country specific data. Across all works, Hic et al. estimate the least amount of food wasted in US in 2010, at 1050 Kcal/day/cap (again pointing to possible downward bias in their estimates for developed countries).

### Affluence elasticity results and implications for future evolution of FW {#sec015}

The regression estimate \[∂FW/∂ln(AIC)≅576.7) of the logarithmic function, along with the world FW estimate of 526 Kcal/day/cap, yields the global affluence elasticity of waste to be 1.09 in 2005. Since the global elasticity is positive and greater than one, consumer FW could be seen as a luxury good--a deduction not entirely against expectations. The country-specific elasticities vary owing to the different initial FW data: ranging from 0.36 (Belgium) to 18.14 (Philippines) in the sample countries. The developing countries with positive FW all have an affluence elasticity above 1, implying that income growth will generate relatively more FW in these countries. The countries with low elasticities (\< 1) are ones that already waste a lot of calories.

By the year 2011, as FW increases to 727 Kcal the elasticity falls to 0.79. [Fig 4](#pone.0228369.g004){ref-type="fig"} shows the point estimates of elasticities and FW for sample countries in 2011, ranked by AIC/capita (x-axis). The figure clearly shows FW first rising rapidly and then gradually. At the same time, the affluence elasticity decreases rapidly with rising incomes starting from very high levels. This relationship is similar to the one found between income and calories \[[@pone.0228369.ref030]\]. The figure also shows a vertical dashed line as the threshold level of AIC/capita beyond which consumer food waste turns positive (shown as change from hollow to solid coloured data points in the per capita food waste series) and the elasticity jumps from non-existent (zero) to very high levels. Even though the affluence elasticities are higher for poor countries, it should not be interpreted as these countries currently wasting a lot of calories. In fact, because they have a low FW to begin with, the responsiveness of waste to increases in expenditure, is high. The lower elasticity can also be an indication of nutrition transition--substituting away from calorie dense foods first to more animal products and finally to fruits and vegetables \[[@pone.0228369.ref031]\]--and wasting less calorie dense food results in less calorie waste.

![Food Waste (FW) increases and affluence elasticity declines with increase in affluence.\
Source: Food waste and affluence elasticity for sample countries using estimates and ICP data in 2011.](pone.0228369.g004){#pone.0228369.g004}

Although we have not explicitly accounted for nutrition transition and it is beyond the scope of this work, as higher incomes, health consciousness (following dietary guidelines) and education (knowing dietary guidelines) are highly correlated, the transition to healthier food habits (including eating more fruits and vegetables) is very likely accountable by a mix of these factors \[[@pone.0228369.ref032],[@pone.0228369.ref033]\]. And despite not being as well established as Bennet's Law (declining importance of grains in consumption, with rising incomes) \[[@pone.0228369.ref034]\], the correlation between income and fruits and vegetable intake is touched upon by some scare literature \[[@pone.0228369.ref031],[@pone.0228369.ref035],[@pone.0228369.ref036]\] and needs more work.

Empirically, not accounting for the affluence elasticity of waste leads to overestimates of the consumption response with rising incomes. It has been a problem, for example resulting in anthropometrically impossible projections of food consumption for consumers in countries with strong economic growth \[[@pone.0228369.ref014]\]. Another example is the estimated calorie intake elasticity for United Kingdom in year 2002 is 0.98 \[[@pone.0228369.ref037]\], but accounting for waste estimates from the current work and Eq ([3](#pone.0228369.e006){ref-type="disp-formula"}), results in a corrected number of 0.81.

Discussion {#sec016}
==========

Our approach to obtaining quantitative estimates of the link between FW and consumer affluence provides a way of obtaining comparable FW estimates for countries without detailed surveys, based only on easily available consumer expenditure or GDP data. Using this simple approach, we are able to replicate the FW point estimates for US provided by Hall et al. using much less detailed data. Globally we find that consumers were wasting as much as 727 Kcal/day/cap in 2011, rising from 526 Kcal/day/cap in 2005. Just like Hall et al. 2009 show that USDA's consumer FW estimates using fixed waste factors lead to underestimating the numbers for US, our results indicate that FAO's consumer FW estimates of 214 Kcal/day/capita for the year 2005--2007 are grossly underestimating the extent of problem globally. Given that this method could generate globally comparable Food Waste data using readily and publicly available macro and anthropometric data in a transparent manner, it would be very easy to use it for constructing a measurable Food Waste Index to assess current situation regarding the Sustainable Development Goals (SDG 12). More precisely, this method can be used to provide the level of FW that would exist in absence of any intervention measures towards reducing FW in a country. This could provide a scale against which progress towards halving FW as mandated by SDG 12.3 can be assessed, to show how far a nation is from achieving the target.

While we address the fixed factors issue with the FAO approach, we are as limited as FAO in using the FAO FBS data as a measure of food availability. Despite this shortcoming, we find strong evidence of a link between FW and consumer affluence and call it affluence elasticity of waste. Our indicative higher affluence elasticities for growing economies point to a brewing potential future problem. If these growing economies follow the same growth paths as the developed regions, we will soon see similar FW patterns evolving. According to our estimates, annual per capita consumer expenditure of about 2450 (International 2005 USD) or about \$6.70/day/capita, is the level at which policy-makers should start paying particular attention to consumer FW in a country and implement consumer awareness and education programs to counter it before it explodes. The existence of affluence elasticity of food waste so far ignored, has wide implications for both the theory of consumption and its numeric implementation.

Using easily available standard macro-economic data like expenditure, does not undermine the importance of detailed country specific micro-data analysis, to understand the influence of specific factors such as education, consumer awareness, attitudes, cultural food practices and preferences etc.; only that detailed internationally consistent data on such factors is harder to gather.

Supporting information {#sec017}
======================

###### Sample dataset and results.

(XLSX)

###### 

Click here for additional data file.

###### Derivation of Eq ([1](#pone.0228369.e001){ref-type="disp-formula"}).

(DOCX)

###### 

Click here for additional data file.

###### R readable data and script for linear log model and [Fig 3](#pone.0228369.g003){ref-type="fig"}.

(ZIP)

###### 

Click here for additional data file.
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Reviewer \#1: Review for: ''Consumers discard a lot more food than widely believed: Estimates of global food

waste using energy gap approach and affluence elasticity of food waste''

Summary:

This paper proposes an indirect method for computing internationally comparable consumer food waste. The method computes food waste on food availability, energy gap and consumer affluence. They also establish a relationship consumer affluence and food waste as well as a threshold where this relationship changes. Overall, this is an interesting exercise and piece of contribution to improve our understanding of the quantity of food wasted world-wide.

I have the following major and minor comments:

Major comments:

1\. The paper lacks clarity and details on how they are computing some of the estimations. For instance, the authors argue that the relationship between food waste and consumer affluence changes after some threshold. But I was expecting a graph showing this non-linear relationship.

2\. The authors claims estimating affluence elasticity of food waste, an idea I liked. But I am not sure if this is executed correctly because quantifying elasticity involves estimating log-log relationships. But the authors are not exactly estimating such relationships.

3\. I would add a bit more discussion on the actual estimation of relationships. I was expecting more details on the estimation and tables.

4\. Data related issues: I am wondering if the authors can use a combined ICP data for 2005 and 2011, so that they may also estimate panel regressions.

5\. Data related issues: why should we trust the FAOSTAT for food availability but not for food waste or food loss? This requires a bit of justification.

Minor comments:

There seems some errors and typos in few places (e.g., page 8)

Reviewer \#2: General Comments

This is an interesting study that investigates relation between food waste and consumer affluence. Mainly, the authors estimated food waste as the differences between food availability and food consumption. Food consumption was calculated based on physical activity level and body weight as few other studies also did. Afterwards, the manuscript presents the fitting of the per capita food waste and income data. Although the study presents interesting finding showing that food waste currently increase with income, the manuscript cannot be considered for publication in the current form due to following reason.

First, the method use for estimating food waste has been reported by previous studies which the authors do not acknowledge in the manuscript. Instead, the authors claim that the applied method is a sophisticated one although it does not account for food requirement of children and pregnant and lactating women. This additional food requirement has been considered by previous study. Thus, the manuscript needs to refer to these studies in the beginning wherever it is appropriate.

Second, the claim that this method would be useful to monitor SDG 12 target 12.3 contradicts with the aims of SDGs. SDGs aim to reduce food loss and waste while increasing income. However, this regression provided by this study shows that food waste increase with income.

Third, figure/table and its caption need to be standalone. Currently, this is not the case. Acronyms in figure/table are not explained in the caption.

Fourth, please include an in-text citation, using the author\'s last name and the year of publication, when the manuscript refers to, summarize, paraphrase, or quote from another source.

Specific Comments

Line 24-25: The studies say that one third of produced food is either lost or wasted. Since this study focuses on food waste, it would be precise to differentiate between food loss and food waste.

Line 25-26: See also the IPCC SRCCL Chapter 5 for food loss and waste in the food system.

Line 27-28: "supply side food waste is constrained by an upper-limit as dictated by food availability" is this "supply side food waste" of food waste by consumers. It would be use single term so that readers are not confused.

Line 34-38: This is unclear what "consumer specific attributes" mean. Global studies such as Hic et al 2016 and Walpole et al BMC Public Health 2012 studies food waste globally based on different country specific attributes. Please acknowledge these previous studies. Additionally, Hic et al 2016 also presents associations between food waste and Human Development Index (HDI).

Line 39-51: It is unclear why results are presented here in introduction instead of research questions or objective. Is this a new scientific writing style? Additionally, Target 12.3 of SDG 12 is about halving the global per capita food waste and reducing food loss. Please make this explicit.

Line 53-54: Better argument for not using FAO data would be lack of country specific values for waste. However, Hic et al 2016 provides country specific values, why the authors does not consider the use them.

Line 70-80: When this study considers constant body weight, the study would be similar to Hic et al 2016 and Walpole et al 2012. Hic et al 2016 also consider food requirement for children and additional calories requirement for pregnant and lactating women. It is unclear how this study advances on the previous studies without considering these factors.

Line 83: It is unclear why the calculated FW data is only of sample countries is. The authors need to justify why they did not attempt to fill the data gap.

Line 86-87: Generally, food availability is associated with affluence or income. However, there are studies which also look at other factors. See Bodirsky et al. 2015 Plos One on Good Food Demand. Please better justify the assumption. This also holds of the relation between food consumption and affluence.

Line 92-93: Need to provide some clarification of what are the sample countries. Please also make it explicit that this is a cross-sectional analysis.

Line 106-109: It is unclear how the above described method can be applied to estimate waste of individual food commodity. How can consumption of individual food commodity be estimated based on energy requirement values?

Line 123-124: It is unclear what does this "upward bias" mean.

Line 131-133: Taking the average is done mainly on crop production to rule out fluctuation in food production. However, food availability is an outcome of food production, trade, stock variation, etc. Need a better justification for this argument.

Line 144-148: Please make it clear that the data is available in supplementary. The supplementary files need to be referred in the main text.

Line 161-164: Taking into account dietary requirement of children is important because demographic characteristic also shapes a country food demand.

Line 166-174: It is unclear why the authors do not attempt to fill the data gap from other sources such as Demographic and Health Survey data. When the data gaps are filled, there might be differences in obtained results.

Line 185: Please refer to the supplementary material in different parts of the method section wherever it is relevant so that reader will obtain additional information from the supplementary.

Line 217-221: This reads like table caption instead of interpretation of the results presented in the table.

Table 2: GDP/Cap has not been mentioned in the method section. Please mention this also there.

Line 231-233: See previous comment on filling data gaps.

Line 233-237: It is unclear how outliers and deviations are handled here. It is not enough to a single value. Figure 2 clearly shows that there are countries above and below the regression lines.

Line 239-241: This has been reported by previous studies, see Walpole et al 2012 and Hic et al 2016.

Line 336: Unclear "nutrition transition" means here.

Line 343-355: Using of this approach for monitoring Target 12.3 of SDG 12 would create more problem than solving it. This is because SDG aims to increase GDP but reduces food loss and waste. Currently, more food is waste with income growth. This is one of the trade-offs in SDGs (see Pradhan et al. 2017 Earth's Future) which needs to tackle to achieve the 2030 Agenda for Sustainable Development. Thus, it would not be realistic to use the identified regression for 2001-2005 also in the future.

Line 356-364: What about the deviation from the fitting? Authors need to be critical about their findings by clearly providing limitation of the study.

Figure 1: "Physical Activity" instead of "Activity"

Figure 3: Legend missing

Figure 4: Names of Y-axes are missing

Reviewer \#3: Review of Verma et al

This paper uses a different measure of food waste at a national scale than has featured in the literature to date. As such, it is a welcome addition to measurement of this important indicator of sustainability. The concept of affluence elasticity of food waste is a useful one in investigating this economic-behavioural relationship.

General Comments

The paper would benefit significantly from an edit that paid careful attention to the use of English language.

In Section 2 and throughout it would be useful to have further discussion of the treatment of uncertainty in the modelling and consequent results. For example, there is a discussion of the bias resulting from exclusion of children in the BW estimates (lines 161-164); how large might this, and other biases, be?

The discussion of the results of affluence is not totally intuitive. I would have thought that elasticities would continue to increase as incomes rise, since there is less of an income constraint on meeting basic calorific needs. But perhaps there is a limit to calorific profligacy, beyond which it falls, giving an inverted-U shape. Either way, it would be worthwhile having more discussion of the phenomenon you observe. Could it be related to the Environmental Kuznets Curve concept? If so, what are the policy implications of your findings? Finally, has the transition to fruit and vegetables been observed anywhere? If so, it would be good to know where, and to what it can be attributed.

Are the non-linear elasticities used in the global projection estimates. It would be helpful to make this clear.

Specific comments

Line 16. Is the per day/capita level of expenditure just on food or on all consumer goods & services?

Line 73. In relation to equation 1 would it be worth stating explicitly that -- as I understand it - its validity depends on the characteristics of the population remaining the same over time?

Line 124. Is it possible to say anything about the broad size -- in percentage terms - of the upward bias?

Page 8. The formatting is lost here. Also, the text seems to be incomplete (e.g. line 223)

Lines 235-237. Is the increase in Kcal/day/capita between 2005 and 2011 as a result of increases in incomes? Or is there another explanation?

Lines 265-267. The argument is not quite clear to me. Are you referring to a potential double-counting estimation procedure?

Line 308. Maybe say explicitly why the Buzby et al estimate of FW is conservative?

Line 356. Does the use of the FA data from FAO lead to over-estimates? Either way, it would be good to make the direction of the bias clear.

Lines 363-368. It would be good to have a little more on the advantages of using this new measure, in terms of its policy applications.
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Reviewer \#1: Yes

Reviewer \#2: Partly

Reviewer \#3: Yes

\*\*\*\*\*\*\*\*\*\*

3\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#1: Yes

Reviewer \#2: Yes

Reviewer \#3: Yes
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4\. Have the authors made all data underlying the findings in their manuscript fully available?

The [PLOS Data policy](http://www.plosone.org/static/policies.action#sharing) requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#1: No

Reviewer \#2: Yes

Reviewer \#3: Yes
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5\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#1: Yes
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Reviewer \#1: The authors have mostly addressed my major concerns and comments. I believe this piece can contribute to the scant but evolving literature on food wast and food loss measurement.

Reviewer \#2: General Comments

I thank the authors for their attempt to the address the comments. Although the authors provided responses to all the comments, they did not incorporate the changes in the revised manuscript. This is also visible while looking at the track changed version of the revised manuscript. Thus, I suggest considering the manuscript for publication after addressing and incorporating the following comments in the revision process.

First, as mentioned in the previous round, the method use for estimating food waste has been reported by previous studies which the authors do not properly acknowledge in the manuscript. Instead, the authors claim that this has not been done yet. Line 53-56 says:

"The demand side requires data on consumer attributes such as income, age, gender, education, residence etc. While there are individualistic attempts to capture the impact of consumer specific attributes \[8,9\] there is no study attempting this at a global level. This work is a first attempt in linking the amount of food wasted to one such consumer attribute."

This is wrong because global studies such as Hic et al 2016 and Walpole et al 2012 cover the aspect of age, gender, and body weight. The authors need to acknowledge this.

Second, the study is based on the sample countries. However, the manuscript does not tell about these countries in the very beginning. As a reader, I would like to know which these sample countries are in the first place it is mentioned (see Line 99). Since readers do not know about the features of these sample countries, it is hard to justify the argument present in Line 113-114.

Third, I also request the authors to be critical in their projections. For example, in 2011 the global food availability is 2869 kcal/cap/day and the estimated of food waste by this study is 727 kcal/cap/day. This means 2142 kcal/cap/day is the global food consumption. This global value is below the estimated dietary requirements.

Fourth, the recent report from FAO, The State of Food and Agriculture (SOFA), focuses on food loss and waste. Thus, it would be relevant to discuss the finding of this study also in the context and finding from SOFA.

Specific Comments

Line 115: What does "Genetic differences" mean? Please explain this to reader.

Line 232-233: Since the study used the average value between 2000 and 2005, it would be better to say "circa (ca.) 2003 instead of 2003.

Line 247: GDP/Cap has not been mentioned in the method section. Please mention this also there. The authors' repose was "But perhaps this intention of using it as sensitivity test, needs to be made more clear, and this has now been done". However, when this is used as sensitivity test, this needs to mention in method. There is no sentence on "sensitivity test" in the method section.

Line 269-270: When possible it would be better to provide range or standard deviation for the estimates

Line 272-274: This is no surprise and the study use the relation of increase food waste with increase income. However, the relation is not able to capture rich countries wasting less food, e.g., Japan.

Line 374: Although in the response, the authors mentioned: "It is defined a few lines above as (quoting from text) -- "nutrition transition-- substituting away from calorie dense foods first to more animal products and finally to fruits and vegetables".". This change is not visible in the manuscript.

Line 383-385: Please highlight that this is the case under the current trend.

Line 392-394: Regarding food waste index, please also see SOFA 2019.

Line 395-397: The authors may include that "SDG 12 (Responsible Consumption and Production) could be the bottleneck for sustainable development (Pradhan et al. 2017)"
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